Introduction
[2] Due to the rapid growth of industrialization and urbanization in China, the mean aerosol optical depth (AOD) at 750 nm measured at 46 stations across China increased from 0.38 in 1960 to 0.47 in 1990 [Luo et al., 2001] . The average AOD value in eastern China was about 0.55 in 2000 and escalated to 0.72 in 2005 [Zhao et al., 2006] . Aerosols can modify the vertical profile of temperature in the atmosphere and the height of the boundary layer, and thus affecting local weather patterns and global climate [Ramanathan et al., 2001] . Changes in some important meteorological variables over China during the past few decades have been associated with an increase in the aerosol loading and include a significant reduction in surface irradiance [Liang and Xia, 2005] , resulting in cooling in eastern China [Li et al., 1995] and a tendency toward increasing summer flooding in southern China and drought conditions in northern China [Xu, 2001; Menon et al., 2002] . In order to better understanding the aerosol effects on climate and the environment, researches on aerosol properties and its radiative effects have accelerated in China. Ground-based sunphotometer and lidar data, as well as satellite data, have revealed the spatial and temporal characteristics of aerosol optical properties over China [Li et al., 2003; Xia et al., 2005 Xia et al., , 2006 Li et al., 2007a; Papayannis et al., 2007] . Some studies found that a thick layer of haze often covers northern China and that aerosol loading shows a large day-to-day variation Xia et al., 2007a] .
[3] In October 2004, a severe anthropogenic pollution event occurred over Beijing and its surrounding area. The visibility plummeted to about 200 m or less and the AOD at 550 nm was more than 1.0 over a vast portion of northern China during the peak pollution period (see below for details). The purpose of this paper is to discuss the aerosol effects on shortwave irradiance at the surface, at the top of the atmosphere (TOA) and within the atmosphere during this event. The aerosol effects at the surface are investigated using aerosol and radiation data collected at Xianghe, a baseline site near Beijing, which was established in 2004 under the auspices of the East Asian Study of Tropospheric Aerosols: An International Experiment (EAST-AIRE) [Li et al., 2007a] . Instantaneous AOD retrievals from the Moderate Resolution Imaging Spectroradiometer (MODIS) and shortwave irradiance retrievals from the Clouds and Earth's Radiant Energy System (CERES) at the TOA are used to investigate the aerosol radiative effects at the TOA in northern China.
Data
[4] The Cimel sunphotometer, a multi-channel and automatic sun-and-sky scanning radiometer, was deployed at the Beijing (39.98°N, 116.38°E) and Xianghe (39.75°N, 116.96°E) sites. Measurements of direct and diffuse solar radiances are used to derive the AOD, the size distribution and the single scattering albedo (SSA) [Holben et al., 1998 ]. Retrievals of the aerosol SSA can be achieved for AODs greater than 0.4 and for large solar zenith angles with an accuracy of $0.03 [Dubovik et al., 2000] . Two levels of the Aerosol Robotic Network (AERONET) product were used in this study: level 2.0 data (cloud-screened and qualityassured) and level 1.5 data (cloud-screened) when level 2.0 data were unavailable (downloaded from the AERONET website, http://aeronet.gsfc.nasa.gov/).
[5] The CERES sensor provides radiometric observations of the Earth-atmosphere system from three broadband channels: a shortwave channel (0.3 -5 mm), a total channel (0.3 -200 mm), and an infrared window channel (8 -12 mm) [Wielicki et al., 1996] . The appropriate angular distribution model is applied to convert the observed radiances to the irradiances or fluxes [Loeb et al., 2005; Zhang et al., 2005] . One set of products from the CERES instruments is the Single Scanner Footprint TOA/Surface and Clouds (SSF) collection of hourly products, which combines coarser resolution CERES measurements (about 20 km at nadir on the Terra platform) with scene information from the higher-resolution MODIS on the Terra platform. CERES/ Terra SSF Edition 2B data were used in this analysis.
[6] Surface radiation data are collected at the Xianghe site (39.75°N, 116.96°E), located between two large cities (Beijing, 70 km to the northwest, and Tianjin, 70 km to the southeast). This is the first super-site of the EAST-AIRE [Li et al., 2007a . Global surface shortwave radiations are obtained by summing the direct and diffuse components of radiation, which are separately measured by an Eppley normal incidence pyrheliometer and a black-and-white radiometer, both mounted on an EKO STR-22 solar tracker. The field measurement uncertainties are estimated to be 3%, 6%, and 6% for direct, diffuse and global measurements, respectively [Stoffel, 2005] . The continuous high-quality measurements of aerosol, cloud and radiative quantities made at this site were used to examine aerosol radiative effects at the surface Xia et al., 2007b] .
Results
[7] Figure 1 presents the time series of AERONET and MODIS AOD values at 550 nm and the corresponding inversion height (IH) and near-surface relative humidity (RH) from October 1 -13, 2004, over two sites: Beijing and Xianghe. The IH is defined as the height above ground level at which air temperature increases with altitude, representing an ''inversion'' of the typical temperature decrease with height in the troposphere, and is derived from the temperature profile measured by radiosonde. Both daily mean AERONET (Figure 1a ) and instantaneous MODIS AOD retrievals (Figure 1b) show the same pattern of variation over time. More insight was gained by Mi et al. [2007] into the comparison of satellite retrieved and groundbased AOD. The correlation coefficients of AOD between the AERONET and MODIS values both are 0.98 at two sites. The AOD values between October 7-9 exceed 1.0, which is significantly higher than values at other days in that month. The related IH and RH values during this period remained at about 800 m and above 80%, respectively (Figure 1c ). This stable and low IH prevented aerosols from diffusing into higher levels of the atmosphere and the high RH fuelled aerosol hygroscopic growth, which enhanced the ability of aerosols to scatter shortwave radiation. This leads to high aerosol loading in the atmosphere, which is further supported by the Pennsylvania State University/ National Center for Atmospheric Research mesoscale model data and MODIS/AOD data as well [Li et al., 2005] . On October 11, the AOD dramatically dropped to about 0.2 due to the passage of a cold front across northern China.
[8] Ground-based aerosol and radiation data at Xianghe and satellite data from CERES/Terra are combined with a radiative transfer model to study the aerosol radiative effects at the surface, at the TOA and within the atmosphere. Aerosol properties retrieved from AERONET data, which include AOD, SSA and the asymmetry parameter at four wavelengths, are used as input to the Santa Barbara DISORT Atmospheric Radiative Transfer (SBDART) model [Ricchiazzi et al., 1998 ]. Surface albedo is obtained from the MODIS43B product. The mean values of SSA and the asymmetry parameter at 440 nm during this pollution episode were about 0.86 and 0.70, respectively. The moderately low SSAs suggest a strong absorption by aerosols. The model is run with 33 altitude layers and four radiation streams. SBDART calculations agree with measurements to better than 3% [Halthore et al., 2005] . To ensure temporal and spatial consistency, ground-based data were averaged within 30 minutes of the satellite overpass time, and the associated satellite data were averaged over a 40 Â 40 km 2 area centered on the Xianghe site.
[9] Figure 2 compares the observed and simulated instantaneous irradiances at the TOA (Figure 2a) , at the surface (Figure 2b ) and within the atmosphere (Figure 2c ). The simulated irradiances agree with our measurements to within the measurement and simulation uncertainties. The correlation coefficients are generally larger than 0.99. The mean bias errors (MBE), i.e., the difference between mean simulation and mean measurement values, are 4.76 Wm À2 ,
À0.26 Wm

À2
, and À6.30 Wm À2 at the TOA, at the surface, and within the atmosphere, respectively. The relatively larger discrepancies at the TOA are likely due to the larger uncertainties in the measurements. It is worth noting that a satellite scanning sensor does not measure TOA irradiances directly, but radiances. Conversion from radiances to irradiances entails the use of a set of the angular dependence models that are prone to large errors for instantaneous data [Li, 1996; Loeb et al., 2005] . The radiative irradiances in the molecule atmosphere at the TOA, at the surface, and within . When the AOD at 550 nm changed from 0.1 to 2.8, the aerosol direct radiative forcing (ADRF) at the TOA changed from about À4 Wm À2 to À58 Wm
, and at the surface from about À20 Wm À2 to À390 Wm À2 .
[10] Note that the instantaneous effects of aerosols on surface irradiance depend heavily on the solar zenith angle. In order to isolate the dependence of surface irradiance on the AOD value, the diurnal mean aerosol forcing is computed to better represent the aerosol climatic effects. The ratio of the instantaneous solar irradiances measurements to the model simulations is computed, and then multiplied by the model diurnal cycle to convert the instantaneous measurements to corresponding diurnal cycle measurements. The derived curve is lastly integrated over 24 hours to obtain a diurnal mean solar irradiance. Figure 3 illustrates the diurnal mean ADRF as a function of AOD at 550 nm. The diurnal mean ADRF ranges from about À3 Wm À2 to À26 Wm À2 at the TOA, and from about À10 Wm À2 to À129 Wm À2 at the surface. The mean ADRF during this pollution event was À12 Wm À2 , À50 Wm
, and 38 Wm À2 at the TOA, the surface, and within the atmosphere, respectively. These results imply a notable shortwave absorption of shortwave radiation within the atmosphere due to aerosols, which causes a strong warming in the atmosphere. This redistribution of shortwave irradiance induced by aerosols could alter atmospheric stability, thus influencing local wind circulation patterns and cloud dynamics and ultimately, affecting regional climate.
[11] Figure 4a shows the AOD at 550 nm obtained from MODIS and the reflected radiative fluxes at the TOA from CERES over northern China for October 8 (before the passage of the frontal system) and October 13 (after the passage of the frontal system). To eliminate the cloud effects, only those CERES pixels that were at least 99% cloud-free were used in the analysis. The results show that a vast portion of northern China was under clear-sky conditions on the two days. On October 8, a belt of pollution extended from the northeast to the southwest. Along this belt, the AOD increased from 0.8 to 1.4 and the TOA fluxes peaked at around 170 -190 Wm
. On October 13, the AOD, in general, was less than 0.5 and TOA irradiances were less than 170 Wm À2 , indicating the end of the pollution event. To quantitatively understand the relationship between the AOD and TOA outgoing irradiances over northern China, the scatterplot of mean TOA upwelling shortwave irradiance as a function of mean AOD at 550 nm for different bins as a function of the associated mean TOA upwelling shortwave irradiances are shown in Figure 4b . Note that the spatial mean value of the broadband surface albedo obtained from CERES was about 0.16, with a standard deviation of 0.005, suggesting homogeneous surface characteristics during this pollution episode in northern China. The MODIS-retrieved AOD and the independently derived TOA upwelling irradiances from CERES show a high degree of correlation. The reflection of more solar radiation into space occurs during the build-up of aerosols . This implies that the overall effect of aerosols is towards a cooling of the Earth's system.
Conclusions
[12] Using ground-based and satellite-retrieved aerosol and radiation data obtained during a heavy pollution episode that occurred in northern China, the dramatic variation of aerosol loading and consequent significant effects on the radiative energy budget were explored. The main conclusions are as follows.
[13] (1) Aerosol optical depth increased gradually from the background level to tens of times six days later and to more than 3.0 ten days later. This was chiefly due to persistent near-stagnant weather conditions over northern China during this time. The heavy aerosol loading finally dropped dramatically to the background level as a cold front moved across northern China.
[14] (2) During the peak of the pollution episode, the instantaneous reflected irradiances at the TOA increased by about 50 Wm
À2
, while the instantaneous irradiances at the surface dropped by about 350 Wm
, resulting in solar heating of the atmosphere on the order of 300 Wm
. The strong absorption within the atmosphere can enhance atmospheric stability and likely influence weather and climate.
[15] (3) There is a strong correlation between reflected fluxes at the TOA measured by the CERES instrument and MODIS-retrieved aerosol optical depths. A second-order polynomial equation was established which suggested that the overall effect of aerosols was to cool the Earth's system. 
